1. Introduction {#sec0005}
===============

Photoacoustics is attracting growing scientific and practical interest, because it can characterize tissues, cells, and drug delivery containers for diagnostic purposes and for *in situ* therapy facilitated by plasmonic heating \[[@bib0005], [@bib0010], [@bib0015], [@bib0020], [@bib0025]\]. Photoacoustic visualization methods are readily used to collect meaningful acoustic signals from complex biological objects with unprecedented spatial accuracy of detection of their components containing light-absorbing molecules. The excitation of hierarchically finer scale objects---light-absorbing chromophore molecules (melanin, hemoglobin, water, lipid, etc.)---ultimately converts to the vibrations of much bigger, hierarchically larger-scale objects such as cell organelles (e.g. melanosomes) or whole cells (erythrocytes) \[[@bib0005],[@bib0020]\]. The flow of energy across hierarchical levels of organization is associated with the changes in the underlying physical phenomena according to size and scale effects \[[@bib0030]\]. The frequencies of these vibrations, recorded owing to the optically driven acoustic signal, range from 1 MHz to 100 MHz, which is of the same order of magnitude as the eigenfrequencies of capsular mechanical objects having sub- and micrometer sizes \[[@bib0035]\].

To the best of our knowledge, very limited data \[[@bib0040], [@bib0045], [@bib0050]\] are available on the photoacoustic studies of single-cell organisms---both prokaryotes (e.g. cyanobacteria) and eukaryotes (e.g. diatoms)---which contain light-absorbing chromophores such as chlorophyll or carotenoids. We believe that photoacoustic visualization of such living objects may have a number of ecological, biotechnological, and biomedical applications, such as the remote and rapid control over microbial cultures and media, cell studies, sanitary control, and aquaculture. The photoacoustic technique is very interesting from the standpoint of observations on diatoms in their natural environments and also during culturing. It is potentially possible to install photoacoustic tools in vessels or in harbor constructions that are used to monitor diatoms in aquatic environments. Owing to laser irradiation and subsequent absorption of light by the diatom chromophores, the photoacoustic method is promising for studying the activity of these objects in their natural environments, as well as for monitoring their growth in bioreactors or aquaculture installations by means of the imaging of colonies. Moreover, photoacoustic visualization of symbiotic bacteria such as stomach flora or plunge bacteria is likely to be potentially useful in some diagnostic tasks.

To approach the problem from all angles, one should use a combination of spectroscopic methods, such as fluorescence and absorbance spectroscopy, and imaging characterization techniques, namely fluorescence lifetime imaging microscopy and photoacoustic imaging. All these methods are mutually considered in order to understand the origin of photoacoustic signals.

Fluorescence spectroscopy as a highly sensitive technique has been widely used to monitor phytoplankton. Two types of light-harvesting pigments of diatoms are well documented \[[@bib0055], [@bib0060], [@bib0065], [@bib0070]\]: chlorophylls and carotenoids. The predominant form of chlorophyll observed in diatoms is chlorophyll *a*, which absorbs energy in the violet-blue and orange-red regions \[[@bib0060], [@bib0065], [@bib0070], [@bib0075]\]. Unlike many other types of algae, diatoms also contain chlorophyll *c*, which absorbs mostly blue and red light \[[@bib0055], [@bib0060], [@bib0065]\]. The main carotenoid identified in diatoms is fucoxanthin, which absorbs light in the blue-to-green region of the spectrum \[[@bib0055],[@bib0065], [@bib0070], [@bib0075]\]. The optical properties of these objects can be better understood when additionally investigating the fluorescent properties. Absorbance spectroscopy measurements are employed to prove the presence of chlorophylls *a* and *c* and fucoxanthin.

Fluorescence lifetime imaging microscopy is a powerful tool for studying biological structures by measuring the fluorescence decay rate of molecules \[[@bib0080], [@bib0085], [@bib0090]\]. This technique has recently found use in many applications, because it can provide both information on the location of specific fluorophores and on their local environment \[[@bib0080], [@bib0085], [@bib0090], [@bib0095]\]. As an intrinsic property of a fluorophore, the fluorescence lifetime depends on temperature, pH, concentration, polarity, the presence of fluorescence quenchers, and internal factors that are connected with fluorophore structure \[[@bib0090],[@bib0095]\]. Therefore, it is important to understand the state of the fluorophore in diatoms. According to the literature, the fluorescence lifetimes of chlorophyll *a* range from 3.0 to 5.1 ns for an isolated molecule, depending on the polarity of the solvent \[[@bib0100]\]. In living cells, the lifetime ranges from 0.3 to about 1.5 ns, because a great amount of absorbed energy is used in photochemical reactions \[[@bib0100]\]. It is well known that diatoms use the mechanism of nonphotochemical quenching of chlorophyll *a* fluorescence to dissipate excess energy and prevent overexcitation of the photosynthetic apparatus \[[@bib0105]\].

We report the findings of our recent research aimed to fill the lacunae in the photoacoustics of single-cell organisms. Diatoms were chosen for study because of their exceptionally important role in Earth's ecology. Diatom species, which constitute a quarter of Earth's biomass, attract generations of scientists of different specialties owing to their fascinating variety, multifunctionality, and specific mechanical strength of their neatly nanostructured silica frustules \[[@bib0110]\]. Diatoms are frequently found in freshwater bodies \[[@bib0115]\] and, as a result, may also be detected in human living tissues (e.g. in kidneys) \[[@bib0115],[@bib0120]\]. Moreover, diatom frustules are regarded as possible drug delivery containers \[[@bib0125], [@bib0130], [@bib0135], [@bib0140], [@bib0145], [@bib0150], [@bib0155]\]. We demonstrate that the photoacoustic visualization of diatoms is feasible and discuss the source of the photoacoustic signal, its spatial distribution, and the possible further developments toward practical applications.

2. Materials and methods {#sec0010}
========================

2.1. Collection and culturing of diatoms {#sec0015}
----------------------------------------

Benthic diatom species were collected from the tidal zone of Gdansk Bay, Baltic Sea in the area of Zelenogradsk, in early June 2016. The salinity of the interstitial water across the collection sites, as well as the water salinity of the tide pools, was 5 ppt. Samples were collected in the mid-littoral zone during the low tide in the form of strips of sand with a width of 1.5 cm, length up to 15 cm and a depth of 0.7--0.9 cm, by using a 0.5-l polyethylene terephthalate (PET) bottle. Then, the sample container was filled with water from a nearby tide pool. The specimen was not fixed, but it was preserved alive and subsequently delivered to Moscow. The material in the bottle was placed on the windowsill of the laboratory to ensure natural diffuse lighting and an alternating day/night regime. The temperature ranged from 17 to 26 °C, and the material was kept in the same plastic bottle for 3 years. The cap of the bottle was slightly loose so as not to hamper the gas exchange between the internal space of the container and the external environment and accommodate room temperature variation. The water capacity of the sample (water + sand at the bottom of the bottle) was 400 ml. The amount of water evaporated from the sample container was recovered by trickling distilled water down the inner wall of the bottle, once the evaporation achieved more than 5 mm from the initial level. This was done to avoid the fouling diatoms inhabiting the PET bottle close to the water surface being osmotically stressed. During the growth period of the accumulation culture, no minerals were fed.

At the end of June 2016, we observed microscopic colonies of *Karayevia amoena* (*K. amoena)* on the surface of sand grains in the ground sample. Permanent preparations were used to identify the species. The frustules were purified from organic components with concentrated sulfuric acid and were embedded in rosin. The data published by diatoms.org \[[@bib0160]\] were used to ascertain the taxonomic affiliation of the species.

The macroscopic monocultural colonies of *K. amoena*, appearing as brown spots with ramified edges (diameter, 2--3 mm), were observed on the inner surface of the PET bottle in October 2017. By mid-July 2019, a complete brown coating had already been formed by the colonies on the inner wall of the bottle. As part of this coating, *K. amoena* cells were arranged in a dense one-layer pattern and formed a complex ornamented mosaic.

2.2. Scanning electron microscopy {#sec0020}
---------------------------------

Scanning electron microscopy (Quattro S, Thermo Fisher Scientific, USA) was used to investigate the appearance, morphology, and dimensions of the diatoms. Before SEM analysis, 20 μl of a stock suspension of *K. amoena* was deposited on a precleaned crystalline silicon substrate and three-stage drying in a vacuum oven (50 °C for 5 h, 80 °C for 3 h, and 100 °C for 1 h) was carried out to eliminate any organic components. Samples were mounted on an aluminum stub by using a double-sided carbon adhesive tape and were analyzed without sputter coating at an accelerating voltage of 2.5--5 kV.

2.3. Dynamic light scattering (DLS) measurements {#sec0025}
------------------------------------------------

The size and zeta-potential of *K. amoena* dispersed in water (pH 7) were characterized by dynamic light scattering and microelectrophoresis combined with phase analysis light scattering (M3-PALS), by using a Zetasizer Nano ZS instrument (Malvern Instruments Ltd, UK).

2.4. Fluorescence spectroscopy {#sec0030}
------------------------------

Fluorescence spectra were recorded with an Infinite M Nano+ (Tecan Trading AG, Switzerland) dual-mode microplate reader. The stock suspension of *K. amoena* (concentration, 305 cells/μl) was diluted to 152.5, 76.3, 38.1, 19.1, 9.5, 4.8, and 2.4 cells/μl. Two ml of diluted suspensions mixed with agarose gel was poured into a 96-well plate, and the plate was placed into a microplate reader. The samples were excited at 530 nm, and their emission was observed in the red range (620--750 nm).

2.5. Absorbance spectroscopy {#sec0035}
----------------------------

The absorbance spectra of *K. amoena* suspensions (concentrations, 305, 152.5, 76.3, 38.1, 19.1, 9.5, 4.8, and 2.4 cells/μl) mixed with agarose gel were obtained with the Infinite M Nano+ reader in the wavelength range 400--750 nm with a 2-nm wavelength step and a 9-nm bandwidth.

2.6. Fluorescence lifetime imaging microscopy (FLIM) measurements {#sec0040}
-----------------------------------------------------------------

Fluorescence lifetime imaging microscopy (FLIM) measurements and image processing were done as described before \[[@bib0165]\], by using a MicroTime 200 STED microscope (PicoQuant GmBH, Germany), a 638-nm laser as the excitation source, and a 690-nm bandpass filter. Measurements were carried out at a pulse rate of 40 MHz, a pulse duration of 40 ps, and a maximum power of 50 μW. Fluorescence lifetime images were acquired in the time domain. The laser beam was focused on diatom cells with a 100 × 1.4 NA oil immersion objective (UplanSApo, Olympus, Japan). According to the dwell time of 0.2 ms with a pixel size of 0.200 μm/px, the total image acquisition time was 40 s for an image size of 400 × 400 pixels---i.e. 80 × 80 μm.

2.7. Photoacoustic measurements {#sec0045}
-------------------------------

Before measurements, the *K. amoena* stock suspension was removed from the bottom of the plastic bottle and was diluted 1:2 seven times. A 0.1-g portion of agarose (Low type 1-B, A-0576, Sigma-Aldrich, Germany) was mixed with 10 ml of distilled water at 120 °C to obtain agarose gel. The concentration was determined with a hemocytometer (Goryaev's chamber). Different *K. amoena* concentrations (1080, 540, 270, 135, 67.5, 33.8 16.9, and 8.4 cells/μl) were mixed with agarose (3 μl of the suspension plus 7 μl of 1 % melted agarose). *K. amoena-*free agarose and *K. amoena*--agarose mixtures (in descending order of dilutions) were pipetted into a petri dish that was subsequently filled with water and placed in the imaging chamber of an RSOM Explorer P50 setup (iThera Medical GmbH, Germany). The photoacoustic signal of the agarose-gel-embedded *K. amoena* was excited by a Wedge HB frequency-doubled flashlamp-pumped Nd:YAG laser (Bright Solutions, Pavia, Italy) at an excitation wavelength of 532 nm (repetition rate, 1--2 kHz; pulse energy, 200 μJ; pulse length, 2.5 ns). The agarose--diatom samples were scanned over an 11 × 11 × 2.5 mm field of view with a raster step size of 20 μm. The axial and lateral resolution capabilities of the RSOM system were 10 μm and 40 μm, respectively. Induced photoacoustic signals were detected with a custom-made spherically focused LiNbO~3~ detector (center frequency, 50 MHz; bandwidth, 11--99 MHz; focal diameter, 3 mm; focal distance, 3 mm).

Images were processed with ImageJ software. Values for the volume of 3D objects were obtained by generating a maximum intensity projection (MIP) image, drawing a region of interest (ROI) around the area of the signal, and setting a threshold for the image stack to keep visible only the pixels above a certain signal intensity, thus eliminating the background. The thresholded area was measured by using the ROI manager and Multi Measure function. The mean pixel intensity was found from MIP RGB images by analyzing the color histograms of the images, which show the mean pixel intensity for the red and green channels.

3. Results and discussion {#sec0050}
=========================

3.1. Scanning electron microscopy {#sec0055}
---------------------------------

The SEM image in [Fig. 1](#fig0005){ref-type="fig"}a illustrates a general mosaic of the arrangement of diatom cells in the colony. The close-up images of individual diatom frustules in [Fig. 1](#fig0005){ref-type="fig"} illustrate their unique nanoporous structure with a complex pattern of ribs and slits. *K. amoena* is a pennate diatom with bilateral symmetry \[[@bib0170],[@bib0175]\]. The silica cell wall, called frustule, is composed of two slightly different valves---the hypotheca (lower part) and the epitheca (upper part), joined together by silica girdle bands ([Fig. 1](#fig0005){ref-type="fig"}d). Both raphe ([Fig. 1](#fig0005){ref-type="fig"}c) and rapheless ([Fig. 1](#fig0005){ref-type="fig"}b) valves are linear and have rostrate ends.Fig. 1SEM images of *K. amoena*. (a) overall view. (b) rapheless valve. (c) raphe valve. (d) diatom frustule with girdle bands.Fig. 1

[Fig. 2](#fig0010){ref-type="fig"} shows the general cell features and the main terms associated with diatoms. The valve surfaces are ornamented with radiate and parallel striae, represented by a row of pores called areolae. Striae are formed between nonornamented, thickened ribs called costae.Fig. 2SEM image of *K. amoena* showing basic cell structure and frustule dimensions: length *L*, width *w*, areola width *w*~A~, costa width *w*~C~, girdle band thickness *t*.Fig. 2

[Table 1](#tbl0005){ref-type="table"} summarizes the diatom frustule dimensions. The values presented in the table were obtained from SEM images of ten diatoms with raphe and rapheless valves. The average frustule length in both cases was 9 μm, whereas the average width ranged from 3.7 μm for rapheless valves to 3.9 μm for raphe valves. These dimensions correspond to those of the diatom genus *Karayevia* \[[@bib0170]\]. The frustule size may differ depending on the generation, medium, and environmental factors such as temperature, light, salinity, and nutrients \[[@bib0180], [@bib0185], [@bib0190]\].Table 1Diatom frustule dimensions obtained from SEM images.Table 1ValveL (μm)w (μm)Number of striae per 10 μmNumber of areolae per 10 μmw~A~ (μm)w~C~ (μm)t (μm)Rapheless9 ± 13.7 ± 0.523 ± 265 ± 40.10 ± 0.010.36 ± 0.041.5 ± 0.2Raphe9 ± 23.9 ± 0.425 ± 476 ± 120.13 ± 0.020.23 ± 0.05

3.2. DLS measurements {#sec0060}
---------------------

The average size and zeta-potential of the diatom cells were 9 ± 2 μm and −18 ± 6 mV, respectively. There was strong agreement between the results obtained from SEM images and those obtained by DLS analysis. The zeta-potential value indicates the beginning of cell agglomeration.

3.3. Fluorescence spectroscopy {#sec0065}
------------------------------

[Fig. 3](#fig0015){ref-type="fig"} shows the fluorescence spectra of different concentrations of diatoms embedded in agarose gel. The spectra were obtained by excitation at 530 nm wavelength that fits the absorption band for carotenoids. All spectra demonstrate an emission band with a maximum at about 686 nm, which corresponds to chlorophyll *a* \[[@bib0055], [@bib0060], [@bib0065], [@bib0070], [@bib0075],[@bib0195],[@bib0200]\], and a broad shoulder at 715--740 nm \[[@bib0195],[@bib0200]\]. The peak assigned to chlorophyll *a* shifts with decreasing concentration from 686 nm for stock and diluted (1:2, 1:4, and 1:8) suspensions to 680 nm for the most diluted suspension (1:128).Fig. 3Fluorescence emission spectra of: (a) different concentrations of *K. amoena* embedded in agarose gel. (b) more diluted suspensions of diatoms mixed with agarose gel. Excitation wavelength: 530 nm.Fig. 3

3.4. Absorbance spectroscopy {#sec0070}
----------------------------

The absorbance spectra of more concentrated suspensions of diatoms embedded in agarose gel reveal peaks at about 436 nm and 674 nm, attributable to chlorophyll *a* ([Fig. 4](#fig0020){ref-type="fig"}) \[[@bib0055], [@bib0060], [@bib0065], [@bib0070], [@bib0075],[@bib0205], [@bib0210], [@bib0215]\]. The presence of the carotenoid fucoxanthin is represented by a shoulder at about 500 nm \[[@bib0055], [@bib0060], [@bib0065], [@bib0070], [@bib0075],[@bib0205],[@bib0210]\]. The band at about 628 nm was assigned to chlorophyll *c* \[[@bib0055], [@bib0060], [@bib0065], [@bib0070], [@bib0075],[@bib0205],[@bib0210]\]. The absorbance was larger for more concentrated suspensions and decreased with decreasing concentration. Only one peak, at 676 nm, was observed for suspensions diluted 1:8 and 1:16. No peaks were observed for suspensions diluted 1:32, 1:64, and 1:128.Fig. 4Absorbance spectra of: (a) different concentrations of *K. amoena* embedded in agarose gel. (b) more diluted suspensions of diatoms mixed with agarose gel. Chl a -- chlorophyll *a*, Chl c -- chlorophyll *c*.Fig. 4

3.5. Fluorescence lifetime imaging microscopy measurements {#sec0075}
----------------------------------------------------------

[Fig. 5](#fig0025){ref-type="fig"} shows bright-field transmission and fluorescence lifetime images of *K. amoena* diatoms. A strong signal from the diatom stock suspension can be observed. FLIM results demonstrate that diatom chromophores generally have a very short yet changeable average lifetime---from 0.5 to 1 ns (marked in blue to green) to 2 ns (marked in red). The fluorescence signal originated from chlorophyll *a*, because the detection system that was used includes a 638-nm laser as the excitation source and a 690-nm bandpass filter, and it does not record signals other than those from chlorophyll *a*. The system records a variety of chlorophyll lifetimes, probably owing to the complex physiology of diatoms. Another reason could be that in diatoms, pigments have different concentrations, and in some diatoms, they only partly fill the volume of the frustule.Fig. 5(a) Transmission bright field and (b) fluorescence lifetime images of *K. amoena*. Excitation wavelength: 638 nm.Fig. 5

3.6. Photoacoustic measurements {#sec0080}
-------------------------------

[Fig. 6](#fig0030){ref-type="fig"} shows clearly that the photoacoustic signal from *K. amoena* was successfully obtained. The dependence of the photoacoustic signal (represented as the volume of 3D objects) on the diatom concentration shows that the volume of the 3D objects emitting the acoustic signal and the mean pixel intensity increased with the diatom concentration. As shown in [Fig. 6](#fig0030){ref-type="fig"}e, a low-frequency signal (shown with red bars) is emitted by a greater number of 3D objects than a high-frequency signal (shown with green bars), whereas a high-frequency signal (33--99 MHz) shows a higher mean pixel intensity than a low-frequency signal within the whole concentration range ([Fig. 6](#fig0030){ref-type="fig"}f).Fig. 6(a) RSOM image of different concentrations of *K. amoena* embedded in agarose gel at frequencies of 11--99 MHz. Inset: Photograph of different dilutions of *K. amoena* in agarose gel drops, where 1 -- Agarose gel; 2 -- Stock suspension; Diluted suspensions: 3 - 1:2; 4 -- 1:4; 5 -- 1:8; 6 -- 1:16; 7 -- 1:32; 8 -- 1:64; 9 -- 1:128. (b) RSOM image of *K. amoena* at low frequencies (11--33 MHz). (c) RSOM image of *K. amoena* at high frequencies (33--99 MHz). Scale bar (a,b,c): x-axis -- 1 mm, y-axis -- 1 mm, z-axis -- 0.2 mm. (d) Volume of 3D objects vs. the сoncentration of diatoms mixed with agarose gel. AF -- all frequencies. (e) Volume of 3D objects vs. the сoncentration of diatoms mixed with agarose gel. LF -- low frequencies, HF -- high frequencies. (f) Mean pixel intensity vs. the concentration of diatoms mixed with agarose gel.Fig. 6

The interrelation between the volume of diatoms in gel and the volume of 3D objects emitting a photoacoustic signal remains an important issue for discussion in view of the development of fidelity techniques for the quantitative analysis of diatom colonies. The volume of diatoms in an agarose gel drop, $V_{d}$, is calculated from the volume of one diatom cell, the concentration of diatom cells $c_{d}$, and the volume of agarose gel drop V~gel~ by using Eq. [(1)](#eq0005){ref-type="disp-formula"}:$$V_{d} = \frac{4}{3} \cdot \pi \cdot a \cdot b \cdot c \cdot c_{d} \cdot V_{gel}$$

The diatom cell is approximated as an ellipsoid, where $a$, $b$, $c$ are the length, width, and height, respectively. The volume of agarose gel drop $V_{gel}$ is 10 μl.

As one can see from the data in [Table 2](#tbl0010){ref-type="table"}, there is a wide span of the "volume of 3D objects to the volume of diatoms" ratio for different dilutions of the diatoms in gel.Table 2Comparison of the volume of 3D objects obtained by using the ImageJ program with the calculated volume of diatom cells in an agarose gel drop.Table 2DilutionsVolume of 3D objects (ImageJ) / Volume of diatoms in gel (Calculated)Stock suspension311:2381:4251:8131:16891:321091:64241:12813

First of all, the volume of 3D objects is one to two orders of magnitude larger than that of the diatoms. Second, this ratio seems independent of dilution, which hints that the volume of 3D objects is not related to the volume of separate diatom cells but to the volume of cell assemblies containing a number of cells. The resolution of the PA microscope is not high enough to resolve separate diatoms, and the volume of the gel surrounding separate cells is detected as the volume apparently emitting a photoacoustic signal. Another important issue is the nature of the structural element that emits the signal. The chloroplast grains are the obvious candidates; therefore, the distribution and absorption efficiency of the chloroplast grains inside the frustules may contribute to the intensity of the photoacoustic signal.

On the other hand, we believe that the frequencies of acoustic signals emitted by diatoms may correspond to the eigenfrequencies of the natural oscillations of vibrating silica frustules, which can be described as capsular mechanical objects (membrane-shaped shells) having sub- and micrometer sizes \[[@bib0035]\]. Low frequency modes require less energy for excitation; therefore, even diatoms located deeper in the gel or those partly shadowed receive sufficient energy to excite these low frequencies, ultimately giving rise to 3D objects emitting an acoustic signal. High-frequency vibrations require a higher excitation energy and emit a more intense signal, which varies proportionally to the square of the frequency.

Because the absorbance value for *K. amoena* ([Fig. 4](#fig0020){ref-type="fig"}) at 532 nm is in agreement with the photoacoustic signal ([Fig. 7](#fig0035){ref-type="fig"}), we consider chlorophyll *a* and *c* and fucoxanthin as the principal light absorbers responsible for the photoacoustic effect in diatoms, since the 532 nm laser light is absorbed by all of them. A more exact contribution of each chromophore to the detected acoustic signal remains an open question, because it should be examined with two factors in mind:-The molar absorption coefficient of every chromophore at the wavelength of the laser causing the photoacoustic signal;-The volume fraction and spatial distribution of the chromophores within the frustule.Fig. 7Dependence of photoacoustic signal and absorbance at 532 nm on concentration of diatoms mixed with agarose gel. LF -- low frequencies, HF -- high frequencies.Fig. 7

It is worth noting that both hemoglobin and chlorophyll, whose photoacoustic behavior is well studied, are complex metal--organic molecules with a central metal atom (Fe and Mg) surrounded by pyrrole rings \[[@bib0220]\]. Fucoxanthin does not contain pyrrole rings, which supports the suggestion that chlorophyll has a leading role in the formation of a photoacoustic signal.

Photoacoustic visualization of human tissues and cells and thermal (plasmonic) heating *in situ* have been proposed for use in medical diagnostics and therapy. The application of photoacoustics to bacteria, algae, and other nonhuman natural objects is a relatively undeveloped area that leaves lacunae of knowledge and unexplored opportunities in biotechnology. We report the successful photoacoustic visualization of single-cell algal organisms---diatoms. Considering the significant role of diatoms in Earth's biosphere, we suppose that our findings may pave the way to a number of applications mainly related to the rapid probing of sea, fresh, and waste water, in which the diatom concentration reflects the ecological well-being and the productivity of biomass. Recent advances in diatom biofuel \[[@bib0225]\], aquaculture \[[@bib0230]\], and the management of plastic waste in the world ocean \[[@bib0235]\] suggest that the use of rapid and remote monitoring systems based on the photoacoustic effect may find interesting applications.

We believe that PA methods are particularly suitable for use in bioreactors or aquaculture installations for the fast detection and gentle *in situ* evaluation of the density of diatom colonies formed from relatively small cells (9 ± 1 μm) such as *K. amoena*. Owing to the presence of chromophores, these methods are sensitive to the organic content of diatoms and do not require sophisticated sample preparation. Separate cells of *K. amoena* are not resolved because of the instrumental limitations, whereas diatom clusters and colonies are clearly visualized, which is of utmost importance for aquaculture monitoring. Moreover, large individual diatom cells (e.g. *Ethmodiscus* or *Synedra*, which are larger than 200 μm) seem ready for visualization. This successful demonstration of the working principle of photoacoustics for the visualization of diatom colonies promises further developments toward the PA imaging of individual cells. The fundamental cell studies related to the careful continuous characterization of algal colonies could be substantially improved, facilitated, automated, and simplified if supported by large 3D probes. Chromophore-containing symbiotic bacteria, such as some components of the stomach flora \[[@bib0240]\] or plunge bacteria, should be considered for use in further work.

4. Conclusions {#sec0085}
==============

Photoacoustic visualization, widely used in the diagnostics and studies of tissues, organs, and cells of mammals, was successfully tested to characterize a single-celled organism---the pennate diatom *K. amoena*. Being natural photosynthesizers, diatom algae contain significant amounts of the chromophores---chlorophyll and fucoxanthin---and, therefore, exhibit a strong photoacoustic effect, excited by a green, 532-nm laser. This allows the visualization and quantitative study of diatom colonies in natural media without complex sample preparation procedures, such as those required in light and scanning electron microscopy. The intensity of the photoacoustic signal, with the main contribution from the low-frequency portion (11--33 MHz), increases with the diatom concentration within the probed volume, which ensures reliable calibration for rapid tests. The findings from this study could be applied in the remote and rapid automated monitoring of the ecological well-being of open water bodies.
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